The applicability of the [14C]deoxyglucose method for measuring local cerebral glucose utilization (ICMRglc) has been extended for use in hypoglycemia by determination of the values of the lumped constant to be used in rats with plasma glucose concentrations ranging from approximately 2 to 6 mM. Lumped constant values were higher in hypoglycemia and declined from a value of 1.2 at the lowest arterial plasma glucose level (1. 9 mM) to about 0.48 in normoglycemia. The distribution of glucose, and therefore also of the lumped constant, was found to remain relatively uniform throughout the brain at the low est plasma glucose levels studied. lCMRglc in moderate, insulin-induced hypoglycemia (mean arterial plasma glu cose concentration ± SD of 2.4 ± 0.3 mM) was deter mined with the appropriate lumped constant correspond ing to the animal's plasma glucose concentration and compared with the results obtained in six normoglycemic Normal brain function is dependent on a contin uous supply of glucose by the cerebral circulation. When the arterial glucose concentration falls below a critical level, electroencephalographic abnormal ities and mental symptoms that range from mild, subjective feelings to confusion or coma appear. Cerebral energy metabolism is altered. Not only does cerebral glucose utilization fall, but cerebral oxygen consumption declines more or less in pro- 
portion to the depression in the level of conscious ness (Kety et al., 1948) . The diversity of the signs and symptoms and their progressive augmentation with increasing severity of the hypoglycemia sug gest that in moderate hypoglycemia (i.e., without seizures, burst suppression, or isoelectric EEG pat terns), the effects of glucose lack may not be gen eralized throughout the brain but restricted to the most vulnerable structures. Such selective vulner ability should be manifested in changes in glucose utilization in the affected structures.
We have therefore employed the deoxyglucose (DG) method to measure local rates of cerebral glu cose utilization (lCMRg\c) in rats in insulin-induced hypoglycemia. To do so, however, it was necessary to reevaluate the lumped constant, a factor in the operational equation of the DG method that makes it possible to derive rates of glucose utilization from rates of phosphorylation of DG. This constant was originally determined in normoglycemic animals and found to be relatively stable under normogly cemic physiological conditions (Sokoloff et aI., 1977; Sokoloff, 1982) . One of the components of the lumped constant, x., which represents the ratio of the distribution spaces for DG and glucose in brain, can, however, be expected on theoretical grounds to increase whenever delivery and/or transport of glucose from blood to brain becomes limiting for the rate of glucose utilization, as, for example, in hy poglycemia (Crane et aI., 1981; Gjedde, 1982; Par dridge et aI., 1982; Pardridge, 1983) . The fact that X. and therefore also the lumped constant do change in hypoglycemia states has been experimentally con firmed (Abdul-Rahman and Siesjo, 1980; Suda et aI., 1981; Mori et aI., 1989) . We have therefore re determined the lumped constant in hypoglycemic rats by the direct, steady-state, model-independent method that has been used in a variety of species under normoglycemic conditions (Sokoloff et aI., 1977; Sokoloff, 1985) . The lumped constant was in deed found to increase progressively with decreas ing plasma glucose levels below approximately 5 mM. Values of the lumped constant appropriate to the degree of hypoglycemia were then used to de termine ICMRgIc in a group of rats with moderate insulin-induced hypoglycemia and arterial plasma glucose concentrations of 2.4 ± 0.3 mM (mean ± SD). The average rate of glucose utilization in the brain as a whole in hypoglycemia was 14% below that in normoglycemia. ICMRgIc was reduced signif icantly (p < 0.05 by Student's t test) in hypoglyce mia in 25 of 49 structures examined. The most prominent effects were found in brainstem struc tures.
MATERIALS AND METHODS

Chemicals
Crystalline zinc insulin (Regular Iletin I) was obtained from Eli Lilly (Indianapolis, IN, U.S.A.). Enzymes and reagents used to assay glucose in blood and plasma were bought from Calbiochem (La Jolla, CA, U.S.A.). Cali brated [14C]toluene, used for internal standards in liquid scintillation counting, 2-deoxY-D-[1-14C]glucose (51-56 mCilmmol), and 3-0-[methyl-14C]methyl-D-glucose (50-53 mCi/mmol) were bought from DuPont NEN (Boston, MA, U.S.A.).
Animals
Normal, male Sprague-Dawley rats (330-420 g) (Taconic Farms, Germantown, NY, U.S.A.) were al lowed food and water ad libitum until deprived only of food approximately 18 h immediately prior to the exper iment. In all animals, polyethylene catheters were in serted under light halothane anesthesia into a femoral ar tery and femoral vein. In the rats used for determination J Cereb Blood Flow Metab, Vol. 10, No.4, 1990 of the lumped constant, a system for sampling represen tative cerebral venous blood was also established; a metal cannula was inserted through a trephined hole in the skull into the confluence of the sinuses and fixed in place by a threaded metal holder screwed into the skull. Proper po sitioning of the cannula in the torcular Herophili was al ways confirmed at autopsy following the experiment. Electrodes were screwed into the skull of the hypoglyce mic rats for monitoring the EEG. Following these surgical procedures, 5% lidocaine ointment was applied to the op erative sites. The animals were then partially restrained by the application of loose fitting, abdominopelvic plaster casts, and at least 2.5 h were allowed for recovery before continuing the experiment.
Miscellaneous physiological and biochemical measurements
Mean arterial blood pressure was measured from the femoral arterial catheter with an air-damped mercury ma nometer. Hematocrit was determined in arterial blood samples centrifuged in a Beckman Microfuge B (Beck man Instruments, Fullerton, CA, U.S.A.). Rectal temper ature was continuously monitored with a YSI Model No. 73 Tele-Thermometer (Yellow Springs Instrument Co., Yellow Springs, OH, U.S.A.). The EEG was monitored in the hypoglycemic rats with a Beckman Model R611 Polygraph (Beckman Instruments). Arterial blood pH, p02' and pC02 were meas]lred with an IL Model 213 pH Blood Gas Analyzer (Instrumentation Laboratory, Lex ington, MA, U.S.A.). Whole blood glucose concentra tions were measured enzymatically in barium-zinc fil trates (Nelson, 1944) of arterial and cerebral venous blood samples (Slein, 1963) . Arterial plasma glucose con centrations were measured either by the same enzymatic method or by a Beckman Glucose Analyzer 2 (Beckman Instruments). rt4C]DG concentrations in plasma and blood were assayed by liquid scintillation counting of plasma samples or samples of the barium-zinc filtrates of whole blood and calibrated with [14C]toluene internal standards.
Production of hypoglycemic state
Relatively stable arterial plasma glucose concentra tions at various hypoglycemic levels were achieved by combinations of duration of fasting and doses of insulin that were empirically adjusted to achieve the desired level. The duration of fasting varied between 18 and 24 h, an insufficient time to cause significant ketosis. The total dose of insulin over a period of 90-120 min ranged be tween 0.2 and 46 U and was administered either as a single intravenous dose or in divided doses. When di vided, the initial dose was intravenous and was followed by repeated intravenous or subcutaneous doses as needed to maintain the arterial plasma glucose concentration within ± 10% of the desired level throughout the experi mental period. The range of hypoglycemia was restricted to levels above those that produce coma, seizures, iso electric EEG, or burst-suppression EEG patterns. The arterial plasma glucose concentration varied between 1.9 and 5.7 mM in the experiments in which the lumped con stant was being determined. In the experiments in which ICMRglc was measured, the hypoglycemia was produced by a single intravenous dose of 40 units/kg of insulin to rats fasted 18 h; in these animals, the range of arterial plasma glucose concentrations was 2-3 mM as compared with 5.7-8.8 mM in the control group of animals that re ceived no insulin.
Determination of the lumped constant
The lumped constant was determined by the same method previously used in normoglycemic animals and described in the original report of the [14C]DG method (Sokoloff et al., 1977) . This method is based on the fact that brain tissue, when in a steady state with respect to both glucose and rt4C]DG in the plasma, consumes the two hexoses from the blood in proportion to its kinetic preference; the ratio of the [14C]DG consumption to that of glucose is the lumped constant. If the lumped constant is uniform throughout the brain and there is no significant loss of products of [14C]DG metabolism during the period of the experiment, then the lumped constant can be de termined from the cerebral arteriovenous differences and arterial plasma concentrations for [14C]DG and glucose while the brain is in this steady state with respect to both hexoses by the following equation (Sokoloff et al., 1977) : Steady states for glucose at various levels of hypogly cemia were produced as described above. Steady states for [14C]DG were achieved by programmed intravenous infusions that kept the arterial plasma concentration con stant long enough for the brain to reach a steady state. Infusion programs for the various levels of hypoglycemia were determined in one group of rats by the method of Patlak and Pettigrew (1976) and administered to other rats that had been prepared for determination of the lumped constant by catheterization of the femoral vessels and torcular Herophili and made hypoglycemia as described above. After the arterial plasma glucose level had been adjusted and kept stable at the desired level for at least 10 min, the programmed infusion was administered by a peristaltic pump for a period of approximately 45 min, during which several pairs of timed arterial and cerebral venous samples were drawn. The samples were immedi ately centrifuged in a Beckman Microfuge B to separate the plasma, and [14C]DG and glucose were assayed in both the whole blood and plasma samples as described above. From the measured variables in blood and plasma, the function on the left side of Eq. (1) was calculated separately for each pair of blood samples to confirm the existence of a steady state. When a steady state is achieved, the arteriovenous differences for [14C]DG and glucose and the value for this function become constant 
Measurement of local cerebral glucose utilization
Local cerebral glucose utilization was measured in nine hypoglycemic and six normoglycemic control rats by the DG method (Sokoloff et aI., 1977) . Hypoglycemia was induced by intravenous insulin (40 U/kg) as described above; control rats received comparable volumes of sa line. Approximately 40 min after the insulin or saline in jection, when plasma glucose concentration had remained stable (±IO%) for a minimum of 10 min, an intravenous pulse of 125 J-LCi of ['4C]DG/kg of body weight was in jected, and the standard procedure of the DG method was applied (Sokoloff et aI., 1977) . The duration of the exper imental period was limited to 30 min because of the pos sibility of a less stable cerebral metabolism in hypoglyce mia. ICMRglc was calculated by the operational equation of the method (Sokoloff et aI., 1977) . For the hypoglyce mic rats, lumped constants appropriate to their level of hypoglycemia were used (Fig. 2) . For more convenient use of the experimentally determined values of the lumped constant, a smooth continuous curve was fitted visually to the experimental points in Fig. 2 and then digitized by computer (Table O . The lumped constant used for the normoglycemic rats was 0.48 (Sokoloff et aI., 1977) . Weighted average rates of glucose utilization in the brain as a whole (i.e., mean of the individual rates in each of the component structures of the brain weighted by the relative masses of the structures) were determined for each animal by the procedure decribed by Goochee et al. (1980) .
1.4
• Current Study (Hypogtycemia) Values of the lumped constant at different levels of arterial plasma glucose concentration ranging from hypoglyce mia to normoglycemia. A, determined in present study; D, determined in original report of the deoxyglucose method (Sokoloff et aI., 1977) . Because there was no obvious mathematical function to fit to the observed relationship between the lumped constant and arterial plasma glu cose concentration, the continuous line was drawn by inspection. For more con venient use of the data, the continuous curve was digitized and presented in tab ular form in Table 1 . and Diemer, 1983) . Two animals, which had been pre pared 2-3 h previously by insertion of polyethylene cath eters into a femoral artery and vein, were injected intra venously with 16 units of insulin, and the arterial plasma glucose concentration was then monitored. About 30 min later, when the level of hypoglycemia had stabilized, 50 I1Ci of [14C]methylglucose were injected intravenously, and at least 1 h was allowed for the arterial plasma [14C]methylglucose concentration to level off and for the cerebral tissues to equilibrate with the plasma. The ani mals were then killed by injections of sodium thiopental and KC1, and the brains were rapidly removed, frozen, sectioned, and autoradiographed as above. The arterial plasma glucose concentrations at the time of killing were 2.3 and 3.1 mM.
RESULTS
Physiological and behavioral status of animals
All of the hypoglycemic rats, even those with ar terial plasma glucose levels as low as 1.9 mM, were conscious and responsive to tactile and auditory stimulation. Their EEG pattern was that of wake fulness, and there were no overt signs or electroen cephalographic evidence of seizure activity. They could support themselves on their forelimbs, but spontaneous motor activity was clearly reduced. The hypoglycemic animals were slightly hypother mic and mildly acidotic compared to normoglyce mic controls, and their arterial hematocrit and p02 were significantly increased (Table 2) . Mean arterial blood pressure and arterial pC02 were unchanged in hypoglycemia.
Lumped constant in hypoglycemia
The lumped constant was determined in 16 rats in which the arterial plasma glucose concentration was clamped between 1.9 and 5.7 mM (Fig. 2) . In rats with plasma glucose levels above 5 mM, the values of the lumped constant fell within the 0.48 ± 0.11 (mean ± SD) range previously found in nor moglycemic rats (Sokoloff et aI., 1977) . With glu cose levels below 5 mM, the lumped constant rose progressively with increasing depth of hypoglyce mia until it reached a value of 1.20 at a plasma glu cose level of 1.9 mM (Fig. 2) .
Steady state distribution of [
14 C]methylglucose in local cerebral tissues Gjedde and Diemer (1983) have pointed out that the distribution of 3-0-methylglucose between brain tissue and plasma in the steady state reflects the tissue:plasma distribution ratio of glucose and that the uniform distribution of methylglucose throughout the brain indicates that local tissue glu cose concentrations and therefore the lumped con stant are also uniform. Gjedde and Diemer (1983) demonstrated such uniformity in normoglycemic rats. Our results indicate that the same is true for the range of hypoglycemia examined in the present studies. Autoradiograms of brain sections from the two rats studied, one with an arterial plasma glu cose concentration of 2.3 mM and the other of 3.1 mM, were relatively uniform throughout the brain (Fig. 3 ). There was a tendency for slightly higher 14C concentrations in cerebellar cortex than in white matter, but this difference may have been ar tifactual because of the numerous sulci of the cer ebellar cortex. In any case, venous drainage from the cerebellar cortex is little if at all represented in torcular blood, the cerebral venous blood used to determine the lumped constant.
Local cerebral glucose utilization in hypoglycemia
Rates of glucose utilization were measured in 49 gray and white structures and in the brain as a whole of six normoglycemic control and nine hypo glycemic rats. Mean arterial plasma glucose con centration ± SD was 7.1 ± 1.2 mM in the normo glycemic and 2.4 ± 0.3 mM in the hypoglycemic rats (Table 2) . Glucose utilization tended to be lower throughout the brain in the hypoglycemic rats. The average rates for the whole brain were 61 ± 9 fJ.-mol/lOO g/min (mean ± SD) in hypoglycemia and 71 ± 5 fJ.-mol/lOO g/min in the normoglycemic rats, a 14% reduction (p < 0.05, Student's t test). lCMRglc in hypoglycemic rats were below those in normoglycemic animals (p < 0.05, Student's t test) in 25 structures. These structures were widely scat- tered throughout the brain, but cerebral cortex was relatively spared with respect to both number of areas affected and magnitude of the reductions. Auditory cortex, which normally has the highest ICMRglc in the cerebral cortex, was the only cortical region in which the depression of ICMRglc in hypo glycemia reached the p < 0.05 level. In contrast, the brain stem was most severely affected; the greatest percent reductions were found there. Almost all of the brainstem structures examined showed statisti cally significant decreases, many at the p < 0.001 level, by Student's t test (Table 3) . If, however, Bonferroni t statistics for multiple comparisons (Miller, 1966) are applied, then, except for the den tate gyrus in the hippocampus, only structures in the brain stem (i.e., nuclei of lateral lemniscus, su perior olive, dorsal tegmental nucleus, and dorsal and medial raphe nuclei) were statistically signifi cantly affected (Table 3) . (2) where Kj, k:J., and k� are the rate constants for the transport of e4C]DG forward and backward be tween plasma and brain and for its phosphorylation in the tissue by hexokinase, respectively; (A V�Km)l (<I> V mK�) is the lumped constant; ct(n is the total 14C concentration in tissue i at the time of killing; C� and Cp are the concentrations of e4C]DG and glu cose in arterial plasma, respectively; and R; is the rate of glucose utilization in tissue i.
The rate constants appear in only two terms of the equation: the second term of the numerator, which represents residual unmetabolized [1 4C]DG in the tissue at the time of killing, and the last term in the denominator, which corrects for the lag of the specific activity in tissue behind that in plasma. (k:J. + kj), which appears only in the exponent of e in both terms, equals the rate constant for turnover of the free e4C]DG pool in the tissue. Its value deter mines how rapidly the e 4 C]DG pool in brain equil ibrates with or tracks the plasma level; the greater its value, the more rapid the equilibration. In hypo glycemia, both plasma and tissue glucose levels are reduced. Consequently, there is less competitive in hibition of e4C]DG transport and phosphorylation, and the values of all three rate constants are in creased. C; then rises faster and higher because e4C]DG is taken up and phosphorylated more rap idly in the tissues. JnC�(t)/Cp]dt, the term in the denominator representing the integrated plasma specific activity, is increased because Cp, the plasma glucose level, is reduced. Also, in hypogly cemia, e4C]DG is cleared from the arterial plasma more rapidly and to much lower levels during the experimental period than in normoglycemia. For example, in the present studies, the arterial plasma e4C]DG concentration in the hypoglycemic rats at the end of the 30 min experimental period was about 5-10% of the value at 30 min in the normoglycemic rats and only 10--20% of the value usually found in normoglycemic rats at 45 min. Furthermore, be cause of the increased values of (k! + kj'), the two terms with the exponential factors track their equi librium or steady-state values with respect to q: more closely than in normoglycemic conditions.
In short, because in hypoglycemia the only terms in the equation with the rate constants (i.e., the exponential terms in the numerator and denomina tor) drop so rapidly and to such minute levels com pared to the terms from which they are being sub tracted, the actual values of the rate constants more quickly become unimportant. For example, in our hypoglycemic rats, when the two exponential terms were computed with rate constants determined for normoglycemic rats (Sokoloff et aI., 1977) , which would have overestimated these terms for hypogly cemia, the second term in the numerator was still only 1-3% of measured ct in gray matter and 3-9% of ct in white matter; the exponential term in the denominator never exceeded 3.5% of the value of the term from which it was being subtracted for gray matter and 9% for white matter. The maximum possible error in calculated ICMRglc due to the use of the inaccurate normoglycemic rate constants, which would have occurred if the exponential term in the numerator had really reached zero, could not have exceeded 3.5% in gray matter and 9% in white matter. The exponential terms could not possibly have reached zero because q:
had not yet fallen to zero. The actual errors must then have been con siderably less than even these conservative esti mates and could have been reduced even further by extending the experimental period from the 30 min used here to the usual 45 min. It is therefore unnec essary to redetermine the rate constants for studies in hypoglycemia because of special, favorable cir cumstances: (a) rapid clearance of e4C]DG from plasma to extremely low levels; (b) rapid equilibra tion of e4C]DG between plasma and tissues; and (c) more rapid and greater accumulation of products of e4C]DG phosphorylation.
Unlike the case of the rate constants, it was es sential to redetermine the lumped constant for var ious levels of hypoglycemia because it is in hypo glycemia that the lumped constant becomes most unstable (Crane et aI., 1981; Gjedde, 1982; Par dridge et aI., 1982; Pardridge, 1983) . Previous ef forts to evaluate the lumped constant in hypogly cemia and other conditions (Crane et aI., 1981; Gjedde, 1982; Pardridge et aI., 1982; Pardridge, 1983) were based on approaches that assumed that the model of the DG method was perfect and that the values of the rate constants for blood-brain bar rier transport and phosphorylation of DG and glu-J Cereb Blood Flow Metab, Vol. 10, No. 4, 1990 cose were accurately known. Neither assumption is valid. The rate constants are at best only approxi mately known; the values reported for them vary among laboratories and even among reports from the same laboratory. The model of the DG method is certainly not perfect. It is particularly relevant to hypoglycemia that the model fails to include extra cellular and intracellular spaces and implicitly as sumes that total free e4C]DG and glucose concen trations in the tissues represent the true precursor pools for both backtransport and metabolism. This assumption may be reasonable for physiological and normoglycemic conditions, when intracellular concentrations of e4C]DG and glucose may be close to extracellular concentrations, but when glu cose supply to the tissue becomes limiting, as, for example, in hypoglycemia, intracellular glucose concentrations may fall more precipitously than ex tracellular levels (Lewis et aI., 1974) .
The steady-state method for the determination of the lumped constant used in the present studies is immune to these imperfections in the model and to inaccuracies in the estimates of the rate constants. It is a direct implementation of the definition of the lumped constant, namely the relative steady-state net rates of utilization of DG and glucose from the blood by the brain. Analysis of a more comprehen sive model, which does take into account intracel lular and extracellular spaces, demonstrates that A, the component of the lumped constant that changes in hypoglycemia or cytoglucopenia, equals the ratio of the intracellular/plasma DG and glucose distribu tion ratios and not their total tissue distribution ra tios as originally derived from the more simplistic model (Sokoloff, unpublished) . The steady-state method takes this fact into account because steady state net rates of metabolism of DG and glucose are properties unique to the intracellular compartment; the extracellular compartment becomes completely transparent.
The steady-state method used in these studies de termines the lumped constant in the brain as a whole and assumes that it is uniform throughout the brain. The fact that the lumped constant is com posed mainly of ratios (i.e., ratios of the kinetic constants of hexokinase for DG and glucose and the ratio of the tissue DG and glucose distribution spaces) tends to confer some stability and con stancy to its value (Sokoloff et aI., 1977; Sokoloff, 1982) , and there is also considerable experimental evidence that it is normally relatively uniform throughout the brain (Sokoloff, 1982; Gjedde and Diemer, 1983) . If, however, the lumped constant in brain as a whole changes in hypoglycemia, then it might also change disproportionately in various parts of the brain. Mathematical analysis of the properties of the components of the lumped con stant show that it is a function only of the tissue glucose concentration and the kinetic constants for transport and phosphorylation of DG and glucose (Crane et aI., 1981; Gjedde, 1982; Pardridge et aI., 1982; Gjedde and Diemer, 1983; Pardridge, 1983) , and there is also experimental evidence to confirm that the lumped constant varies with the concentra tion of glucose in the brain tissue (Crane et aI., 1981; Cunningham and Cremer, 1981; Mori et aI., 1989) . Because 3-0-methylglucose competes with glucose for carrier-mediated blood-brain transport but is itself not phosphorylated, its equilibrium tis sue:plasma distribution ratio is related quantita tively to the steady-state distribution ratio of glu cose. Gjedde and Diemer (1983) have, in fact, at tempted to use this relationship to estimate local glucose contents and local lumped constants in the brain. Uniformity of the distribution of [14C]methyl glucose in the brain indicates uniformity of glucose content and the lumped constant. The autoradio grams of the brains of the two hypoglycemic rats with arterial plasma glucose concentrations of 2.3 and 3.1 mM showed relatively uniform distributions of [14C]methylglucose, except for slightly greater densities in cerebellar cortex (Fig. 3) . Paschen et al. (1986) , using a bioluminescent method to measure local glucose contents in brain frozen in situ, found regional variations. Reasons for the differences be tween their results and ours are not obvious. Aside from differences in techniques, their animals were paralyzed and artificially ventilated with 70% N20-30% O2 whereas our animals were lightly re strained and fully conscious.
Our hypoglycemic rats were moderately acidotic and slightly hypothermic (Table 2) . Hypothermia commonly accompanies hypoglycemia (Mayer Gross and Berliner, 1942; Kedes and Field, 1964; Strauch et aI., 1969) . Metabolic acidosis (Kusch in sky et aI., 1981) and hypothermia (McCulloch et aI., 1982) have been shown to lower ICMRglc, but the acidosis and hypothermia in our hypoglycemic rats were of insufficient magnitude to account for the decreases in cerebral glucose utilization. Also, al though hypoglycemia in our animals was induced by exogenous insulin, it is unlikely that hyperinsu linemia contributed to the observed changes in the lumped constant or ICMRg1c-When normoglycemia is maintained, hyperinsulinemia has only minor ef fects on blood-brain barrier transport of hexoses (Namba et aI., 1987) and none on ICMRglc, except for increases in a few discrete hypothalamic nuclei involved in neural regulation of blood glucose con centration (Lucignani et aI., 1987) .
Our finding of a 14% decrease in average glucose utilization in the brain as a whole in our hypoglyce mic rats is generally in agreement with results ob tained with other quantitative methods. In schizo phrenic patients studied with the Kety-Schmidt method during insulin-shock treatments, Kety et ai. (1948) found a 47% reduction in overall cerebral glucose utilization in the intermediate hypoglyce mic period before coma ensued. The hypoglycemia in their patients, however, was deeper than that in our animals; their arterial blood glucose concentra tion averaged 19 mg/dl, equivalent to a plasma con centration of about 1.5 mM, compared to 2.4 mM in our rats. Ghajar et ai. (1982) also determined aver age whole brain glucose utilization in rats at various depths of hypoglycemia from measurements of ce rebral blood flow and arteriovenous glucose differ ences. In their "lethargic" rats, the group with the mildest hypoglycemia examined, glucose utilization was reduced about 70%, but the plasma glucose concentration was 1.35 ± 0.04 mM (mean ± SEM), also considerably lower than the level in our rats. From an extrapolation of a plot of their measured values of cerebral glucose utilization against plasma glucose concentration, they noted that glucose uti lization did not fall until the plasma concentration fell below 2.5 mM (Ghajar et aI., 1982) . They con cluded that it was at this level of hypoglycemia that glucose transport from blood to brain begins to be come inadequate to maintain brain glucose concen trations high enough to saturate hexokinase; hence, the rate of glucose utilization falls. In their "lethar gic" animals, in which the plasma glucose concen trations were <2.5 mM, they did, in fact, find the brain glucose concentrations to be below those needed to saturate hexokinase.
Our results are compatible with this view. The level of hypoglycemia in our rats appeared to be near this transition zone. At plasma glucose levels of about 1.35 mM, Ghajar et ai. (1982) found a 70% reduction in overall cerebral glucose utilization. Just above this level, e.g., 2.&-3.3 mM, Abdul Rahman and Siesj6 (1980) , who used the [1 4 C]DG method, found no changes in ICMRgic, except for a probably fortuitous increase in the caudate-puta men. In our rats, in which plasma glucose levels were 2.4 ± 0.3 mM (mean ± SD), there was a small 14% reduction in average brain glucose utilization.
Of 49 regions examined, 25 showed significant (p < 0.05) reductions by Student's t test, but only 6 were significant after correction for mUltiple compari sons. The reductions in these six structures were -20 to -35%, and all but one, the dentate gyrus, were in the brainstem. There are no obvious neural functions that are common to these structures, but all had high levels of ICMRglc in the normoglycemic controls. In fact, the largest percent reductions, sta tistically significant or not, occurred in structures in which rates of glucose utilization are normally high. It appears then that in this transition range of hy poglycemia, the cerebral structures first affected are among those with normally the greatest demand for glucose. It is to be expected that these struc tures would be among the first in which the delivery and transport of glucose to the intracellular sites of hexokinase would become rate limiting. Bryan et al. (1986) also determined ICMRglc in rats with arterial plasma glucose levels of 1.96 mM. Despite the more severe hypoglycemia than in ours, they found only 8-18% reductions in ICMRglc in 17 cerebral structures. Four were significant at the p < 0.05 level and one, the caudate-putamen, at the p < 0.01 level. Multiple comparison statistics were ap parently not used, and probably only the effect in the caudate-putamen would have been significant if they had. The caudate-putamen was clearly unaf fected in our study. It is difficult to compare their results with ours. The rank order of the values for ICMRglc in the various structures in their normogly cemic controls is similar to ours, but the absolute values differ by 50-100%, particularly in structures with high rates of glucose utilization. They mea sured ICMRglc with the [6-14C]glucose method, which has been shown to have methodological problems (Collins et aI., 1987; Br�ndsted and Gjedde, 1988; Lear and Ackermann, 1988; Acker mann and Lear, 1989) .
